To evaluate prospectively the in¯uence of habitual physical activity on body weight of men and women and to develop a model that de®nes the role of physical activity on longitudinal weight change. DESIGN AND SETTING: Occupational cohort study conducted for a mean of 5.5 y. SUBJECTS: A total of 496 (341 male and 155 female) NASAaJohnson Space Center employees who completed the 3 month education component of the employee health-related ®tness program and remained involved for a minimum of 2 y. MEASUREMENTS: Body weights were measured at baseline (T1) and follow-up (T2), and habitual physical activity was obtained from the mean of multiple ratings of the 11-point (0 ± 10) NASA Activity Scale (NAS) recorded quarterly between T1 and T2. Other measures included age, gender, VO 2 max obtained from maximal treadmill testing, body mass index (BMI), and body fat percentage. RESULTS: Multiple regression demonstrated that mean NAS, T1 weight, aging and gender all in¯uence long-term T2 weight. T1 age was signi®cant for the men only. Independently, each increase in mean NAS signi®cantly (P`0.01) reduced T2 weight in men (b 7 0.91 kg; 95% CI : 7 1.4 to 7 0.42 kg) and women (b 7 2.14 kg; 95% CI : 7 2.93 to 7 1.35 kg). Mean NAS had a greater effect on T2 weight as T1 weight increased, and the relationship was dose-dependent. CONCLUSIONS: Habitual physical activity is a signi®cant source of long-term weight change. The use of self-reported activity level is helpful in predicting long-term weight changes and may be used by health care professionals when counseling patients about the value of physical activity for weight control.
Introduction
Adult Americans tend to gain weight 1 and become increasingly overweight as they age. 2 While gaining a slight amount of weight with increasing age has been associated with a longer life-span, 3 large weight gains elevate the risks for disease and shorten life expectancy. 4 When the body weight rises from normal to increasingly severe obesity, there is a parallel rise in the rate and relative incidence of serious medical conditions 5 and mortality. 6 Obesity in the North American population rose dramatically in the 1980s. 7 In response the American Heart Association (AHA) declared obesity a serious public health threat (AHA, 1998) and the National Heart, Lung, and Blood Institute released the ®rst federal guidelines for identifying, evaluating, and treating overweight and obese adults. 8 In 1996 we reported the results of a longitudinal study 9 on 1229 federal employees at the NASAaJohnson Space Center that documented a 10-y weight gain of 3.9 kg (8.6 lb) and 7.1 kg (15.7 lb) for males and females, respectively. These weight gains were associated with concomitant changes in blood lipids that raise the risks for cardiovascular disease. A major limitation of the NASA 10-y paper was that physical activity was not studied. This was a signi®cant omission because regular physical activity may ameliorate many of the negative effects of weight gain, 10 ± 12 and it has been found to be one of the most consistent predictors of long-term weight loss maintenance. 13 ± 17 Cross-sectional studies have shown a negative relationship between body weight and physical activity, but they could not show whether physical activity was a cause or a consequence of body weight. It has been argued that solving this directional puzzle requires longitudinal research with multiple measurements of habitual activity taken over a lengthy period. 18 The purpose of this study was to examine the in¯uence of habitual physical activity on longitudinal change in body weight of men and women, and to develop a model to de®ne the relationship between longitudinal weight change and physical activity.
Methods

Subjects
The subjects of this occupational cohort were 341 male and 155 female NASAaJohnson Space Center employees. The ethnic composition (using the NASA classi®cation method) of the sample was as follows: white, 90.5%; black, 3.2%; Hispanic, 4.4%; and AsianaPaci®c Islander, 1.8%. Over 85% of the employees were college educated. These characteristics are representative of the total workforce. There were three inclusion criteria for this study. First, all were medically screened and declared healthy for vigorous physical activity in accordance with recommendations and guidelines of the American College of Sports Medicine. 19 Second, all subjects completed the 3 month education component of the NASAaJohnson Space Center employee health-related ®tness program. Third, all subjects remained involved in the ®tness program for a minimum of 2 y.
Procedures
Baseline data (T1) were obtained from the employees' medical records at entry into the program. After completing the 3 month educational component of the health-related ®tness program, employees participated in a self-supervised exercise program that included periodic re-testing. The ®tness tests were offered on a voluntary basis every 3 months (ie four times per year). The test battery included measurements of body weight, percentage fat, 1-min bent-knee sit-ups, 1-min push-ups, sit and reach test of lower backahamstring¯ex-ibility, self-report physical activity measured by the NASA Activity Scale (NAS), and VO 2max estimated from performance on a 1.5-mile run or a 1-mile walk. Procedures for administering these ®eld tests have been published elsewhere. 20 The standard for data inclusion was that the subjects had to return for testing for a period of 2 y or longer and during that period complete a minimum of 50% of the quarterly ®tness tests. The years of employee participation ranged from 2 to 15 y (mean 5.5 AE 3.4 y); the time period between the ®rst and ®nal weight measurements was also in this range. The NAS ratings were obtained each time the subject completed a ®tness test battery in the period between the ®rst and ®nal weight measurements. The number of NAS ratings recorded per individual ranged from 5 to 60 (mean 14.2 AE 10.4). The T2 data were obtained at each employee's ®nal retest session.
Measures
All employees were medically screened for entrance into the health-related ®tness program. The screening included a maximal treadmill stress test for men age 40 or over and women over age 50 y. Stress testing was done on younger employees if: (1) they exhibited symptoms or were diagnosed with cardiovascular disease; and (2) the medical examination documented two or more cardiovascular disease risk factors. A total of 287 employees (60%) had a stress test. For those who had a stress test, VO 2max was measured by indirect calorimetry. These methods are fully outlined in other sources. 21 ± 23 A non-exercise method 21 was used to estimate VO 2max at baseline for those who did not have an exercise stress test. Percentage body fat was measured by the skin fold method. 24, 25 The VO 2max and body composition data were used for descriptive purposes.
Level of physical activity was obtained by self-report with the NAS shown in the Appendix.
The scale enables subjects to rate their general activity behavior over the previous 30 days. The scale range is from 0 to 10, which is based on the total weekly minutes spent in exercise or the total weekly miles run or walked. A NAS of 0 ± 1 represents very low activity. A rating of 2 ± 3 represents regular recreation or work of modest effort in such activities as golf or yard work for a weekly total of between 30 min to 2 h. Ratings of 4 ± 10 represent regular participation in aerobic exercise ranging from light to heavy exercise.
At each quarterly retest the employees used the NAS to rate their level of physical activity. The mean of all ratings between T1 and T2 was used to de®ne the employee's level of physical activity. These data were used in two ways. First, the mean ratings were used to place the employee into a physical activity group. The groups de®ned by the mean NAS rating were: Inactive, 3.5; Moderately Active, b 3.5 ± 4.99; Active 5.0 ± 6.5; and Very Active b 6.5. Second, the employee's mean rating was used as a continuous variable for data analysis. While the rating was self-report, previous research has established the scale's validity. 22, 23 Statistical analysis Analysis of variance (ANOVA) was used to evaluate gender differences on all variables studied. Multivariate analysis of variance (MANOVA) was used to study changes in body weight for gender and level of physical activity that occurred between T1 and T2. Wilks' lambda was the MANOVA test for signi®cance. The Wilks' lambda procedure, which examines the multivariate dispersion among all of the groups of variables, is favored by statisticians because it is derived by the maximum likelihood technique. 26 Multiple regression was used as a post hoc analysis to: (1) de®ne the independent Amount of activity for weight control LT Wier et al in¯uence of physical activity on longitudinal weight change; and (2) provide an empirical model to de®ne the level of physical activity needed for weight control. The dependent variable was T2 weight. The independent variables were T1 weight, T1 age, time differences between T1 and T2 tests (ie aging), and mean NAS.
Results Table 1 gives the subject baseline characteristics contrasted by gender. The males were signi®cantly older than the females, the difference being 6 y. The men and women differed signi®cantly on height, weight, BMI, percentage body fat and VO 2max . These are well-documented gender differences. When broken into age groups the weight and BMI of the men and women in this sample were very similar to large national samples, such as the third National Health and Nutrition Examination Survey (NHANES III). 5 Using the American College of Sports Medicine standards, 27 the men were in the average aerobic ®tness and body fat categories for their age group; the women were average in aerobic ®tness, but slightly poorer than average in body composition. The NAS at T1 was slightly, but signi®cantly greater for the men. The mean NAS shows both the men and women increased their level of physical activity once they entered the ®tness program and the signi®cant gender difference in physical activity remained. Amount of activity for weight control LT Wier et al Table 2 gives the T1 and T2 body weight means. The time difference between T1 and T2 was 5.7 ( AE 3.4) y for the men and 4.9( AE 3.2) y for the women. This difference was statistically signi®cant (F(1, 495) 6.06; P 0.014). The male and female means shown in Table 2 are for the total sample and also contrasted by physical activity group. The actual mean annual change in weight for the total sample of men was 0.07( AE 1.58) kg and 0.27 ( AE 1.72) kg for the women.
MANOVA showed there was a differential gender T1 to T2 weight change by exercise group (Wilks' Lambda 0.981, F(3, 489) 3.77, P 0.01). Figure 1 shows the trends in the mean weight changes (D T2 7 T1) for men and women by NAS de®ned activity group.
The data illustrated in Figure 1 show a progressive inverse relationship between exercise group and weight change. The error bars give the 95% con®dence interval for individual variability. The differential gender effect is particularly obvious in the inactive and very active groups. Inactive females gained about 7.1 kg more weight than the inactive men, and the very active women lost about 1.8 kg more weight than the very active men. Table 3 presents the multiple regression analyses. Provided are the regression coef®cients for the male and female equations and the 95% con®dence intervals for each regression coef®cient. Since the MANOVA results showed that NAS had a differential effect on weight changes, separate male and female regression models were developed to account for this gender difference.
The regression analyses produced different results for males and females. The independent variables found to Table 1 the estimated T2 weights may vary AE 6% and AE 8% of the T2 weights estimated by these models. While the T1 weight regression coef®cients, multiple correlations and standard errors of the male and female models were similar, the female regression coef®cients for time difference and NAS were over twice the size of the male regression coef®cients. Figure 2 shows these effects. Provided is the 5 y estimated weight change for low (NAS 0), moderate (NAS 5.5), and very high (NAS 10) levels of habitual physical activity. Individual variability for these estimated values are shown by the 95% con®dence interval error bars. The T1 weight used in the regression models in Figure 2 were the male and female average weights of 82.2 and 67.0 kg. The age used in the men's equation was 36.1 y, the mean T1 age of the female sample. Figure 2 shows that the 5 y change for men and women for moderate activity levels was similar, but the males and females differed substantially for low and very high levels of activity. Inactive women can be expected to gain over twice the weight of inactive men while highly active women can be expected to lose almost three times the expected loss for highly active men.
The regression analyses showed longitudinal changes in weight of men and women are complex and due to initial weight, physical activity habit, aging and T1 age for men. To examine the effects of these independent variables on the longitudinal change in weight more closely, we used the male and female regression models to estimate the 5 y T2 weight for selected T1 weights, all NAS physical activity levels, and male ages of 25, 40 and 55 y. The differences between T2 and T1 weights were then normalized to a yearly change in weight (kgay). Tables 4 and 5 show the projected yearly weight changes. The standard errors of prediction for the values in Tables 4 and 5 vary with each predicted value. The 95% con®dence intervals for the`average' predicted values are AE 0.11 kgay for the men and AE 0.18 kgay for the women.
The signi®cant negative T1 age coef®cient for the men illustrated that older men gain less weight then younger men for the same T1 weight and level of physical activity. For example, the expected yearly weight gain of a man aged 25 y is 0.42 kg ( $ 0.9 lb) higher than a man 30 y his senior. Since T1 age was not a factor for women, Table 5 shows the expected weight change for level of exercise for women regardless of starting age.
These tables show that level of physical activity had a greater positive effect on weight change for higher T1 weight levels. For men, the in¯uence of exercise increased with the age they started. To illustrate, if a 100 kg man exercises at an average NAS of 6, a 25 y old man can expect to lose about 0.15 kg per year while a man 30 y older loses nearly 0.6 kg per year. The estimated weight change for a 60 kg man following the same routine is a yearly gain of 0.73 kg at age 25, but only 0.31 if he started to exercise at age 55. In contrast, a 90 kg woman with a mean NAS of 6 would lose about 0.7 kg yearly while the weight loss rate of a 70 kg woman is only 0.2 kg per year. 
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Discussion
The primary purpose of this study was to examine the in¯uence of physical activity on longitudinal changes in body weight. Analysis of our data showed that changes in body weight are a function of several factors: initial weight, time between tests, gender and physical activity habit. Baseline age was a factor for the men only. Previous studies are in general agreement that age is positively associated with body weight and negatively associated with physical activity. 18 However, there is no consensus in the literature about exercise affecting body weight differentially by age. Some studies with large cross-sectional 28 and longitudinal 29 data sets have indicated that the effect of exercisea®tness on weight and weight change does not differ by baseline age. Conversely, one large cross-sectional study showed that the weight control effect from exercise increased with age for both men and women, 30 and a population-based study drawing on both cross-sectional and longitudinal data of men and women supported our ®nding that baseline age signi®cantly added to the prediction of weight change in men only. 31 The age coef®cient (b 7 0.05 kg) in the prediction equation of this population-based study was similar to the age coef®cient in our male equation (b 7 0.07 kg). These low coef®cients may help explain the apparent contradictions in the literature about the effect or no effect from baseline age. If there is an age interaction, the age contribution is either insigni®cant or very small, particularly in comparison to starting weight and exercise level.
One explanation for the gender difference in the T1 age effect is the cross-sectional association between weight and age. The correlation between T1 age and weight for men was low, 0.06 (95% CI : 7 0.04 ± 0.17) while the same correlation for the women was higher, 0.17 (95% CI: 0.02 ± 0.32). To study this more closely, we examined the cross-sectional aging effect of weight with two large NASA databases used to study the role of aging in VO 2max . 22, 23 The correlation between age and body weight for over 1500 NASA male employees (aged 25 ± 70 y) was 0.05 (95% CI : 7 0.01 to 0.10). In contrast, the correlation found with 407 NASA women who ranged in age from 20 to 64 y was higher, 0.25 (95% CI: 0.16 ± 0.34). This suggests that the failure to ®nd a T1 aging effect with women is that of a gender difference in the cross-sectional aging effect on body weight. The T1 weight of women is somewhat re¯ective of their age. As a predictor of future weight (ie T2 weight) of women T1 weight is more potent than age.
Multiple regression of our data revealed that physical activity level is a signi®cant source of weight change, but differential effects should be expected based on initial weight and gender. For the same level of physical activity, heavier men and women exhibit the most favorable changes in body weight. For equal weight loss over time, individuals with lower T1 weights need to exercise more than heavier individuals. The high value of T1 weight in predicting T2 weight may be explained by the fact that the energy cost of exercise is largely dependent on body weight. For example, metabolic calculations 32 show that, in a mile of walking, a 90 kg person (198 lb) will burn about 439 kJ (105 kcal), but a 70 kg person (154 lb) walking the same distance will burn only 335 kJ (80 kcal). This may be one of the reasons why overweight people tend to lose a substantial amount of weight with exercise early on and then lose smaller amounts of weight over time. For example, a 90 kg person (198 lb) walking 20 miles per week burns enough energy to lose 0.45 kg (one pound) in about 1.7 weeks. The time required to lose the same weight with this walking regimen is about 1.9 weeks for an 80 kg individual (176 lb) and 2.2 weeks for a 70 kg person (154 lb). These calculations illustrate that, as the body weight drops, the rate of loss also will drop unless the individual progressively increases the walking mileage.
The role of gender is demonstrated in our equations by the in¯uence of time between tests and habitual activity, both of which exert roughly twice the impact on women as compared to men. Tables 4 and 5 show that when men and women are matched for T1 body weight and physical activity, women tend to gain more weight with low level exercise (NAS 0 ± 4), but they lose more weight with high level exercise (NAS 6 ± 10). The reason for the gender effect is speculative; men may require more activity for weight control because of their greater relative leanness and the associated demand for higher metabolic activity to maintain their proportionately greater muscle mass. Previous research has shown that women reduce the amount and intensity of physical activity as they age at about twice the rate of aging men, 33 but compared to men women can achieve weight loss and weight maintenance with exercise that is lower in intensity and duration. 28, 31, 34 Empirical research also shows that women tend to gain more weight than men over time. 2, 5, 9 Our models suggest that this is due primarily to the lower T1 female weight and possibly to a lower female activity habit.
The regression coef®cients in our maleafemale models for estimating T2 weight from time between tests were 0.37 (men) and 0.70 (women). This suggests that, excluding the in¯uence of the other variables, the aging effect is about 0.37 ± 0.70 additional kilograms in body weight per year of aging. However, the individual weight change records with aging were highly variant, and the actual mean weight changes for the men and women in our sample were lower than these values. This suggests that aging alone does not explain future weight, and that other factors, such as activity habit, may be applied to alter or limit what may otherwise seem to be an inevitable aging consequence. Previous studies revealed that with aging, physical ®tness (VO 2max ) tends to decline and body weight goes up, but these changes are due primarily to the typical age-related decrease in physical activity and secondarily to aging. 22, 23, 35 One limitation to assessing the role of activity habit on weight change in this study was the use of self-report level of physical activity. While it would be better to have objective data, we have published data supporting the NAS scale's validity. 22, 23 The cross-sectional correlations with measured showed that self-report level of physical activity was sensitive to detecting longitudinal changes in aerobic ®tness. In our study there were no dietary data reported. Although diet is obviously important for health, the practice of dieting has produced a very poor record in long-term weight loss and weight control. When the actual long-term effects of physical activity and dieting were compared in weight control studies, the contribution of dieting ranged from negligible to slight, but exercise emerged as the leading player. 39, 40 Skender and colleagues 17 studied the 2 y effects of diet and exercise on weight loss. In their randomized experimental study they showed that exercise, not diet, was the determinate of long-term weight loss. They did ®nd that diet produced a substantial 1 y weight loss. In the ®rst 12 months the diet group lost 6.8 kg (15 lb) while the combined diet and exercise group lost nearly 9.1 kg (20 lb). In contrast, the exercise only group lost just 2.7 kg (6 lb). During the ®nal 12 months, the diet group not only gained all the weight back, but they also gained an additional 0.9 kg (2 lb). During the second year the diet and exercise group gained back most of the weight they lost. The exercise only group maintained their weight loss during the second year. The longitudinal research published by Kasch and associates 41 support the effect of habitual physical activity on weight control. They reported that the 25 y longitudinal weight loss of physically active men was 3.4 kg (70.14 kgay), while their sample of inactive men gained 3.2 kg (0.13 kgay). Our results are consistent with these ®ndings that physical activity is the key element in the maintenance of long-term weight loss.
The subjects in our study were not typical of the general population. They were motivated to the degree that they were long-term adherents to an employee wellness program (HRFP). Compared to the nationally representative NHANES data 5 the HRFP subjects exhibited less weight gain over time, but their weight changes were similar to those reported by a longitudinal study of active members of the Aerobics Center in Dallas, Texas. 29 The average yearly change in weight of the HRFP subjects was about 0.07 kg (0.15 lb) and 0.27 kg (0.60 lb) for the men and women, respectively, compared with the average yearly weight increase for the Aerobics Center sample of 0.08 kg (0.18 lb) for the men and 0.20 kg (0.44 lb) for the women. In general, the HRFP subjects tended to maintain a moderate to high level of physical activity. The mean NAS throughout the study shown in Table 1 (women 5.0, men 5.6) represents an activity equivalence of walking between 7.5 and 8.6 miles per week. Approximately 72% of the men and 52% of the women reported that at T2 they were exercising at a level higher than this (NAS b 6). The special nature of the HRFP sample should be considered when making inferences from our data.
The cardinal lesson of this study is that a substantial but manageable amount of exercise is required for weight control. Our models show the habitual activity needed to maintain weight for 5 y in the average man and woman in our sample is represented by mean NASs of 6.0 and 5.6, respectively. A 10 y public health survey of 79 236 adult Americans showed that the exercise requirement to lose or maintain weight was a weekly habit of jogging at least an hour or walking at least 4 h. 34 This amount of activity rates a 6 on our NAS. The joint consensus recommendation from the Centers for Disease Control and Prevention and the American College of Sports Medicine is 30 min or more of moderateintensity physical activity, such as walking, done on`most, preferably all, days of the week'. 42 Assuming an exercise frequency of at least 5 days per week, this amount of activity also rates a 6 on our NAS. Notably, the joint consensus recommendation addressed the exercise requirement for overall good health, not just weight control, but the exercise requirement for weight control revealed in our study is essentially the same as that needed for health.
The literature shows that weight gain is common with advancing years, even for those who maintain a regular exercise habit. Two recent studies, one on cross-sectional survey data from a large group of male runners, 43 the other on longitudinal data from members of a large healtha®tness center, 29 showed that long-term maintenance of the level of exercise and aerobic power attenuates but does not prevent aging-related weight gain. The authors of both studies suggested that without exercise there would be even greater weight gain, and preventing weight gain may actually require an increase in exercise with aging. These ®ndings are not entirely incongruent with ours. Our subjects reported a substantial long-term increase in exercise habit. The men maintained a higher mean activity than the women, and that habit was associated with a non-signi®cant weight gain after a mean of 5.7 y. The lower activity habit of the women was apparently not enough to prevent a gain of 1.4 kg over a shorter, 4.9 y, time period. Only those men and women who maintained a high level of exercise (NAS ! 6.5) lost weight.
In conclusion, the ease of obtaining the predictor variables (body weight, age, gender and self-report physical activity), the high multiple correlations and low standard errors all suggest our models provide simple, practical and reasonably accurate means for estimating future weight. The only controllable variable in the models is habitual activity, substantiating the extreme importance of exercise in weight control.
